Glucose metabolism is vital to most mammalian cells, and the passage of glucose across cell membranes is facilitated by a family of integral membrane transporter proteins, the GLUTs. There are currently 14 members of the SLC2 family of GLUTs, several of which have been the focus of this series of reviews. The subject of the present review is GLUT3, which, as implied by its name, was the third glucose transporter to be cloned (Kayano T, Fukumoto H, Eddy RL, Fan YS, Byers MG, Shows TB, Bell GI. J Biol Chem 263: [15245][15246][15247][15248] 1988) and was originally designated as the neuronal GLUT. The overriding question that drove the early work on GLUT3 was why would neurons need a separate glucose transporter isoform? What is it about GLUT3 that specifically suits the needs of the highly metabolic and oxidative neuron with its high glucose demand? More recently, GLUT3 has been studied in other cell types with quite specific requirements for glucose, including sperm, preimplantation embryos, circulating white blood cells, and an array of carcinoma cell lines. The last are sufficiently varied and numerous to warrant a review of their own and will not be discussed here. However, for each of these cases, the same questions apply. Thus, the objective of this review is to discuss the properties and tissue and cellular localization of GLUT3 as well as the features of expression, function, and regulation that distinguish it from the rest of its family and make it uniquely suited as the mediator of glucose delivery to these specific cells.
GLUCOSE METABOLISM IS VITAL to most mammalian cells, and the passage of glucose across cell membranes is facilitated by a family of integral membrane transporter proteins, the GLUTs. There are currently 14 members of the SLC2 family of GLUTs, several of which have been the focus of this series of reviews. The subject of the present review is GLUT3 which, as implied by its name, was the third glucose transporter to be cloned (62) and was originally designated as the neuronal glucose transporter. Together with GLUT1, -2, and -4, it comprises the Class 1 group of transporters (For review see Refs. 15, 81, 121) . With the cloning of GLUT3, it became apparent that the brain did not rely exclusively on GLUT1 and that GLUT3 was highly and specifically expressed by neurons. Thus, GLUT3 became the third facilitative glucose transporter isoform with unique characteristics suited for cell-specific expression and function. GLUT2 is ideally suited for expression in liver and pancreas due to its high K m for glucose; GLUT4 and its translocation from intracellular vesicles to the cell surface facilitates insulin-stimulated glucose uptake in insulin-sensitive cells: muscle and fat. The overriding question that drove the early work in GLUT3 in the brain was: why would neurons need a separate glucose transporter isoform; what is it about GLUT3 that specifically suits the needs of the highly metabolic and oxidative neuron with its high glucose demand? More recently, GLUT3 has been studied in other cell types with quite specific requirements for glucose, including sperm, preimplantation embryos, circulating white blood cells, and an array of carcinoma cell lines. The latter are sufficiently varied and numerous to warrant a review of their own and will not be discussed here. However, for each of these cases the same questions apply. Thus the objective of this review is to discuss the properties and tissue and cellular localization of GLUT3 as well as the features of expression, function, and regulation that distinguish it from the rest of its family and make it uniquely suited as the mediator of glucose delivery to these specific cells.
History
Human GLUT3 was initially cloned by low-stringency hybridization from a fetal skeletal muscle cell line, using a GLUT1 cDNA probe, and was found to share 64.4, 51.6, and subsequently 57.5% identity with GLUT1, -2, and -4, respectively (62) . The original Northern blots suggested that, while GLUT3 was highly expressed in brain, it was also detected in various carcinoma cell lines in kidney, colon, and placenta, and to a lesser extent in small intestine, stomach, and subcutaneous fat. It was barely detectable in adult skeletal muscle and thus was not considered to be the then-elusive insulin-regulated glucose transporter GLUT4, which was cloned by a variety of groups shortly thereafter (17, 23, 39, 55, 56, 58) . Subsequent studies using Western blot analysis have supported a far less ubiquitous distribution of GLUT3 protein (48, 107) . GLUT3 received its commonly used title as the "neuronal glucose transporter" when it was cloned from a mouse library by Nagamatsu et al. (92) . These studies revealed that the distribution of GLUT3 mRNA was much more restricted in mouse than in human tissues, being essentially confined to brain; GLUT3 was later found in other murine cells, as discussed below. The same study demonstrated GLUT3 expression by in situ hybridization exclusively in neurons, thus the designation neuronal glucose transporter. Having defined GLUT3 as the neuronal transporter, the question still arose as to its localization within the neuron. Currently, the consensus opinion is that GLUT3 is found predominantly in the cell processes, i.e., axons and dendrites, with less labeling in the cell body. However, as is evident in Fig. 1 , which depicts rat cerebellar granule neurons in culture and pyramidal neurons in human hippocampus, labeling is evident in axons and dendrites as well as in the neuronal cell bodies (44, 71, 75, 78, 82, 84, 128) .
Structure
Although X-ray crystal structures of GLUT proteins are currently unavailable, a molecular model has been created for GLUT3 (32) . High affinity glucose transporter proteins may be characterized by several structural features: the first extracellular loop; the N-terminal (membrane proximal) segment of intracellular loop 6; and central residues of TM9 and TM11 (depicted in the model of GLUT3 in Fig. 2 ). Class I (GLUT3) and II glucose transporter proteins bear an N-linked glycosylation site in loop 1, whereas Class III glucose transporters are glycosylated in extracellular loop 9. N-glycosylation of the GLUT is required to maintain high-affinity transport of glucose (9) . The significance of the first extracellular loop is further highlighted by the fact that the length of this loop is inversely correlated (r ϭ 0.8 -0.9) with the K m of transport for GLUT1-4, GLUT8, and GLUT10 (D. Dwyer, unpublished observation). A second region of interest is intracellular loop 6. The membrane proximal segment just COOH-terminal to TM6 is in close proximity to the exit site of the transporter pore. The amino acid sequences of the GLUT family diverge at this point, which may determine the disposition of this segment relative to the pore or its flexibility and thus transport kinetics. Residues near the constriction of the pore in TM9 and TM11 represent a third area where sequence differences may explain function (Fig. 2) . In human GLUT3, these segments include a number of small amino acids (particularly glycine) and residues capable of hydrogen bonding to glucose (e.g., serine and asparagine). In lower-affinity transporters such as GLUT1 and GLUT2, bulkier amino acids such as alanine, isoleucine, and phenylalanine replace glycine, threonine, and leucine/cysteine, respectively, in TM9 and TM11. The bulkier substitutions may alter local properties of the pore and increase the K m . Of course, changes at other sites may also contribute to the differences in transport kinetics.
Kinetics
The determination of substrate specificity and kinetic parameters of the individual facilitative glucose transporter proteins as expressed in mammalian cells is frequently complicated by the simultaneous expression of multiple isoforms in a given cell. In addition, it is difficult to accurately determine the number of transporters on the cell surface. To circumvent the specificity problem, all of the family members have now been expressed in Xenopus oocytes (see Ref. 81 for review). In the original studies, GLUT3 was consistently found to exhibit a lower K m than its other Class 1 counterparts, GLUT1, -2, and -4, with K m values for 2-deoxyglucose uptake of 1.4 mM compared with GLUT1, 6.9 mM, GLUT2, 11.2 mM, and GLUT4, 4.6 mM; K m values for 3-O-methylglucose equilibrium exchange of 10.6 compared with K m for GLUT1, -2, and -4 of 21, 42, and 4.5 mM, respectively (6, 46, 47, 63, 81, 96) . GLUT3 was also shown to transport mannose, galactose, and xylose but is unable to transport fructose. More recently, the Class II and III members of the transport family, particularly GLUT7, -9, -10, and -11 have been shown to have particularly high affinities for glucose with K m s on the order of 0.1-0.3 mM. With the exception of the study by Nishimura et al. (96) , these studies were unable to shed any light on the transport capacity, i.e., K cat , or turnover number for the respective Fig. 1 . GLUT3 distribution in rat cerebeller granule cells and human hippocampal neurons. Top left: immunohistochemical distribution of GLUT3 in cerebeller granule cells derived from the cerebellum of 8-day-old rats having undergone differentiation over a subsequent 6 days in culture. Bottom left: corresponding phase micrograph. Right: distribution of GLUT3 in human hippocampal pyramidal neurons. In both human and rat neurons, it is evident that GLUT3 is in axons, dendrites, and cell bodies. Micrographs were previously published (78, 128) and are reprinted here with permission. transporters as this requires an accurate measurement of the number of transporters on the plasma membranes of the respective cells. The most common approaches to achieve this have been either to measure the binding of cytochalasin B, a competitive inhibitor of glucose transport, or to use the Holman reagent, which is a tritiated, impermeant reagent that upon photoactivation covalently binds to all glucose transporter proteins in the correct conformation at the plasma membrane. By use of a combination of such approaches, GLUT3 in rat cerebellar granule neurons was shown by Maher et al. to have a significantly greater K cat , 6,500/s, than either GLUT1 expressed in human erythrocytes, 3T3-L1 adipocytes or oocytes, 1,200/s, or GLUT4 in 3T3-L1 adipocytes or oocytes, 1,300/s at 37°C (73, 76, 77, 96, 98) .
Thus GLUT3 has both a higher affinity for glucose than GLUT1, -2, or -4 and at least a fivefold greater transport capacity than GLUT1 and -4. This is particularly significant for the role of GLUT3 in neuronal transport, as the ambient glucose levels surrounding the neuron are only 1-2 mM compared with 5-6 mM in serum. Furthermore, as there are approximately the same number of GLUT1 glucose transporters on glial and endothelial cells, the combination of lower K m and higher capacity enables the neuron preferential access to available glucose.
Neuronal GLUT3 and Cerebral Glucose Utilization
Numerous studies, predominantly in rodent brain, concluded that glucose delivery and utilization in the mammalian brain is mediated primarily by both GLUT1 and GLUT3: a high molecular weight form of GLUT1 in the endothelial cells of the microvessels that comprise the blood-brain barrier (BBB), GLUT3 in all neuronal populations, and a lower-molecularweight, less glycosylated form of GLUT1 in the remainder of the brain parenchyma (71, 85, 108, 128) .
Having established the cell-specific expression of GLUT1 and GLUT3, the next question that arose concerned the relationship between expression of these transporters and cerebral glucose metabolism. In pursuit of this question, we and others initiated a series of experiments on the regulation of GLUT1 and GLUT3 expression in mammalian brain in both physiological and pathological conditions. One of the earliest in vivo studies by Bondy et al. (19) demonstrated that GLUT3 mRNA expression was very low in the prenatal rat brain, with GLUT1 being the predominant isoform in neural progenitor cells of the germinal matrix. However, GLUT3 mRNA was detected in neuronal cells that had migrated to the cerebral cortex, which would correlate with neuronal maturation and the establishment of synaptic connections. Indeed, it is the establishment of synaptic connectivity and communication that drives the largest energy demand of the brain (10) . We (93, 94) subsequently demonstrated that both GLUT1 and GLUT3 increase with cerebral maturation, concurrent with the measured increases in cerebral glucose utilization. However, whereas GLUT1 increases steadily throughout cerebral maturation, GLUT3 mRNA and protein expression increases in a regional and activity-dependent manner. An analysis of GLUT3 protein expression, relative to a series of neuron-specific synaptic proteins such as synaptophysin, SNAP-25, and the ␣3 subunit of Na ϩ -K ϩ -ATPase, demonstrates a strikingly similar pattern in each brain region that correlates with the maturation and regional cerebral glucose utilization (rCGU) profile for each. Thus, it appears that GLUT3 expression in neurons in the rat coincides with maturation and synaptic connectivity (125) and a positive correlation between protein levels of GLUT1, GLUT3, and rCGU was established using immunoautoradiography (30, 134) and was also observed in the mouse (64) .
The dynamic relationship between rCGU and GLUT3 expression was most clearly demonstrated when the effects of dehydration/rehydration were investigated in the adult rat. The neural lobe of the pituitary or neurohypophysis, is formed from the axon terminals of oxytocin-and vasopressin-expressing neurons that originate in the supraoptic and periventricular nuclei of the hypothalamus, and surrounding glial-like cells called pituicytes. Early studies demonstrated that, in response to progressive dehydration, these cells and others that are associated with the hypothalmalo-neurohypophysial axis become activated, resulting in markedly enhanced rates of glucose utilization and the secretion of vasopressin and oxytocin (57) . Subsequent studies confirmed these observations and determined the effects of both dehydration and rehydration on the expression of GLUT1 and -3 (31, 68, 127) . Three days of dehydration resulted in increases in the protein expression of GLUT1 and -3 in the neurohypophysis of 44 and 55%, respectively. A similar increase in GLUT3 levels in the neurohypophysis was also seen following 14 days of streptozotocininduced diabetes in the rat, whereas GLUT1 expression was diminished by 25%. Interestingly, the levels of GLUT3 mRNA in the magnocellular neurons of the supraoptic and paraventicular nuclei were only very modestly altered, which was surprising given the substantial increase in GLUT3 protein expression. This might be explained by the dramatic increase in GLUT3 mRNA in the axon terminals that make up the neurohypophysis. It seems unlikely that the mRNA is translated within the axon, as there is no apparent rough endoplasmic reticulum (ER) and Golgi that would be necessary to synthesize a transporter protein (40) . However, together with mRNAs for oxytocin and vasopressin, GLUT3 mRNA may be associated with a ribonucleoprotein complex that serves as a potential docking, storage, and posttranscriptional regulation site (114, 120) . Within 3 days of rehydration, rates of rCGU and GLUT3 mRNA return to control levels, whereas restoration of GLUT3 protein levels within the neural lobe of the pituitary requires between 3 and 7 days (68). These studies examined both normal and experimental increases in cerebral glucose utilization and the accompanying increase in GLUT3 expression. Marked declines in cerebral glucose metabolism are associated with Alzheimer's disease, especially in the parietal and temporal cortices (28, 29, 37, 54) . Initial studies by Kalaria and Harik (59) demonstrated a reduction in the 55-kDa form of GLUT1 in cerebral microvessels prepared from Alzheimer's patients compared with normal age-matched controls (60) . These observations were confirmed and extended in studies by Simpson et al., who also demonstrated a loss of the 45-kDa glial form of GLUT1 and a striking loss of GLUT3 protein expression in parietal, occipital, and temporal cortex, together with caudate nucleus and hippocampus; only the frontal cortex did not show any significant loss (109) . Importantly, the decreases in GLUT3 in the parietal and temporal cortices, hippocampus, and caudate were still significant even after correction for overall neuronal loss using the synaptic protein SNAP25 as a marker.
Over the past decade, the central role of GLUT3 in cerebral metabolism has been questioned by the studies of Magistretti and colleagues who have proposed that astrocytes play the key role in the coupling of neuronal activity and cerebral glucose utilization, according to what has come to be known as the astrocyte-neuron lactate shuttle (ANLS) hypothesis (74, 103) . According to this hypothesis, the astrocyte, which relies on GLUT1 for glucose transport, is the primary consumer of blood-borne glucose in the brain. Within the astrocyte glucose is metabolized glycolytically to lactate which is then exported as the primary energetic fuel for the neuron; this process is supposedly stimulated by glutamate. Since its original proposal, the ANLS has become widely interpreted as suggesting that the principle source of energy consumed by the neuron is lactate, thus obviating the need for neuronal glucose uptake via GLUT3. This has recently been challenged in a publication by Simpson et al. (108) who support the more traditional concept of cerebral metabolism that glucose is taken up and metabolized primarily in the neuron (also Ref. 111) . By modeling the kinetic characteristics and respective cellular concentrations of the neuronal and glial glucose and lactate transporters, it was concluded that the glucose transport capacity of the neuron via GLUT3 far exceeds that of the astrocyte (GLUT1). Consequently, the interstitial lactate results from excessive glycolysis in the neuron and not the astrocyte (108) , thus reestablishing the uniqueness of GLUT3's role in neuronal metabolism. Certainly, during periods of activation and high neuronal energy demand, the neuron will likely utilize any available fuel; however, the demonstration of an increase in GLUT3 expression during all in vivo conditions associated with increased CGU described above provides further confirmation for the central role of GLUT3.
Although GLUT3 is clearly the ideal teleological choice for neuronal transporter, substantial evidence indicates that it is not the exclusive neuronal glucose transporter. GLUT1 can be readily detected in cultured neurons and is detected in vivo under conditions of stress such as following a hypoxic-ischemic insult (45, 70, 78, 129, 131) . The presence of GLUT2 has been reported in neurons in the hypothalamus (7, 8) , and GLUT4 has been found in several subsets of neurons, including Purkinje and granule cells in cerebellum, principle and nonprinciple cells in the hippocampus, and isolated cells in the cortex and hypothalamus (5, 7, 12, 67, 72, 106, 126) . Both GLUT6 and -8 have been reported to be present in neurons; however, as with GLUT4, both proteins contain a dileucine motif in their COOH termini and would appear to reside in intracellular membranes; GLUT8 may be recruited to the ER in the presence of insulin (see Ref. 85 for review).
GLUT3 in Murine Sperm
Glucose metabolism has been shown to be critical for sperm function, through both glycolysis and the pentose phosphate pathway. As with other cell types that express GLUT3, murine sperm experience states of "activation" with heightened energy demand. Sperm are stored in a quiescent state in the cauda epididymides of most mammalian species. Upon ejaculation, they mix with seminal plasma and acquire an "activated" pattern of motility. However, sperm are not competent to fertilize an egg until they mature functionally in response to stimuli within the female tract. This process is known as "capacitation" and involves changes in both the head and flagellum of the sperm (117) . The head acquires the ability to undergo acrosomal exocytosis, and the flagellum acquires a "hyperactivated" pattern of motility. Both changes are essential for fertilization to occur. To achieve maximal reproductive success, males have evolved a strategy of producing numerous sperm while investing as little as possible in each one. To supply the highly polarized sperm with the metabolic products it needs, precisely where it needs them, sperm have compartmentalized these pathways to the various regions of the cell. For example, the pentose phosphate pathway is found in the head and midpiece, and glycolysis is found down the length of the flagellar principal piece (Fig. 3) . Remarkably, although the restriction of mitochondria to the sperm midpiece is highly conserved across species, at least in the mouse these mitochondria do not need to produce energy for sperm to have a normal activated pattern of motility (91) . However, the ATP produced from glycolysis is essential for normal flagellar motility even in the presence of otherwise functional mitochondria (86, 91) . In addition, ATP produced by glycolysis is essential for the protein tyrosine phosphorylation events associated with capacitation (116) . Thus the glycolytic machinery compartmentalized to the principal piece of the flagellum powers both the dynein ATPases that provide motility, as well as the kinases that regulate it.
Of note, glucose concentrations as low as 10 -100 M are all that are necessary to support the tyrosine phosphorylation signaling in murine sperm (116) . This low concentration is consistent with a primary role for GLUT3, which is the predominant family member in murine sperm (122) . In this regard, GLUT3 is highly concentrated in the plasma membrane of the entire flagellum and is in fact one of the most abundant sperm membrane proteins ( Fig. 3B ; C. Mukai and A. Travis, unpublished observation). Consistent with its highly streamlined structure, the sperm flagellum does not have internal vesicles that function as stores of transporters or substrate. Rather, GLUT3 in the plasma membrane provides a "high throughput" capability by supplying substrate to the enzymes of glycolysis that are arrayed, at least in part, on the fibrous sheath, a cytoskeletal structure located immediately below the membrane (20, 90, 113, 115, 132) . The high surface-area to volume of the flagellum maximizes the efficiency of the system, and then waste in the form of lactate can be removed by means of membrane monocarboxylate transporters (118) .
In addition to providing energy to power and regulate motility for the sperm to reach the oocyte, glucose metabolism is also required for sperm-oocyte interaction (119, 122, 123 ). Yet it remains slightly unclear which GLUT family members are responsible for supplying substrate to the pentose phosphate pathway in the sperm head. Both GLUT8 and GLUT9b have been shown to be present in the apical portion of the head (66), putting them in appropriate position to do so, although other family members might also be present at low levels. The concentration of glucose required for this positive impact on sperm-egg binding and fusion is ϳ1 mM (123), making it likely that glucose uptake in the apical acrosomal region is mediated by a transporter other than GLUT3.
Although GLUT3 is expressed highly in murine sperm, it should be noted that expression of GLUTs in sperm varies with species. This likely reflects important adaptations of the male gamete in response to the availability of different carbohydrate sources and abundance in the oviduct. Perhaps the best example of this is bovine sperm, in which GLUT5 is responsible for the uptake of fructose in seminal plasma (4) . Unlike capacitation and fertilization in murine sperm, which rely on glucose, bovine sperm capacitation is inhibited by glucose (41, 102 (102) . Species that rely on sperm GLUT3 would be predicted to have reliable, but low glucose intermediates in oviductal fluid.
GLUT3 in the Embryo
Several studies have demonstrated that GLUT3 expression is crucial for optimal preimplantation embryo development and survival. Pantaleon et al. (99) first described the expression of this transporter in murine embryos in 1997. GLUT1 and GLUT2 had been identified six years earlier in the murine preimplantation embryo (1, 51). GLUT1 was expressed through this period, from one-cell zygote to blastocyst stage. GLUT2 expression was first detected at an eight-cell stage. At the blastocyst stage, GLUT2 protein expression was restricted to basal trophectoderm in direct contact with the blastocoele cavity, whereas GLUT1 was localized to apical, basolateral, and intercellular junctions between cells. In that report, GLUT1 was purported to be the main glucose transporter, responsible for uptake of maternal glucose. Pantaleon et al. (99) noted, however, that this would be unlikely given that the K m of glucose transport was much lower than that of GLUT1. Gardner and Kaye (43) had demonstrated that the mouse blastocyst had a K m of 6.3 Ϯ 0.5 mM for 3-O-methylglucose (3-OMG) whereas GLUT1's K m for 3-OMG is 20.1 Ϯ 2.9 mM. In contrast, GLUT3 has a K m of 10.6 Ϯ 1.3 mM for 3-OMG and is normally expressed on apical surfaces where it typically functions as a high-capacity glucose transporter. Pantaleon et al. (101) went on to reveal that GLUT3 was expressed at an mRNA level at a late four-cell stage and at a protein level first at late eight-cell early morula stage and most clearly seen at a late morula stage on the apical surface of the polarized outer cells and finally in the blastocyst stage in the apical surface of the trophectoderm. They went on to show that downregulation of expression of GLUT3 with antisense oligonucleotides resulted in a significant drop (Ͼ40%) in glucose uptake and a 50% decrease in the number of embryos progressing to a blastocyst stage compared with blastocysts treated with sense oligonucleotides. Inhibition of GLUT1 expression with antisense oligonucleotides did decrease glucose uptake, albeit to a much lesser extent than GLUT3. They concluded that GLUT3 functions as the high-affinity glucose transporter and that its expression correlates with compaction and the switch to a metabolic preference for glucose vs pyruvate (99) .
Subsequently, Moley et al. (88) described a pathological condition, maternal diabetes mellitus induced in the mouse by streptozotocin injection, in which GLUT3 expression was physiologically downregulated at both the mRNA and protein levels of expression in the blastocyst. These blastocyst stage embryos displayed decreased glucose uptake by measurements using nonradioactive microanalytic cycling reactions on individual blastocysts. These findings were consistent with those of Pantaleon et al. (99) , in which downregulation with antisense oligoneucletides induced a similar decrease in glucose uptake. In addition, Moley et al. demonstrated increased apoptosis and an abnormal metabolic profile (25, 88) . In vitro culture in high glucose concentrations induced the same decrease in GLUT3 expression and when transferred into recipient mice, these embryos displayed intrauterine growth retardation and a high incidence of fetal resorptions (133) . This group concluded that decreased expression of GLUT3 in these embryos exposed to Fig. 3 . Murine sperm are highly compartmentalized in terms of structure and function. A: the head and the 2 major pieces of the flagellum, the midpiece, and principal piece. Oxidative respiration is restricted to the midpiece, whereas glycolysis is organized down the length of the principal piece. B: GLUT3 is shown as expressed throughout the flagellum. It is likely that the pentose phosphate pathway is active in the midpiece, which also has high abundance of the germ cell-specific hexokinase, but not other glycolytic enzymes, such as glyceraldehyde-3-phosphate dehydrogenase. Arrowhead points to faint staining in the apical acrosome of one cell to show the location of the head in this sperm. But, as this figure shows, even faint signal in the head is relatively uncommon among murine sperm.
high maternal glucose levels was in response to unfavorable maternal milieu but that a threshold of glucose was required for embryonic growth and further development. They proposed that, if this threshold was crossed, an apoptotic pathway was triggered leading to loss of key cells required for optimal survival (88, 89) . These findings all point to GLUT3 being a critical transporter protein required for this stage of development.
These findings were substantiated by the creation of a GLUT3-null (GLUT3 Ϫ/Ϫ ) mouse, as described by Devaskar's group [Ganguly et al. (42) ]. In this model, the knockout construct globally removed exons 7-9 and coding region 10 of GLUT3. At a blastocyst stage, the GLUT3 Ϫ/Ϫ embryo was detected but displayed increased apoptosis and delayed development. Despite the high incidence of apoptosis, the blastocysts implanted and GLUT3 Ϫ/Ϫ embryos were detected at embryonic day 6.5; however, further investigation revealed a loss at embryonic day 8.5. Interestingly, the heterozygous blastocysts displayed an atypical localization of GLUT3 protein (Fig. 4) . As opposed to the wild-type blastocyst, in which GLUT3 localized consistently to the apical trophectoderm, the heterozygote blastocysts expressed GLUT3 both apically and basolaterally in the trophectoderm and inner cell mass cells. These heterozygotes also displayed an increase in TUNELpositive nuclei or apoptosis. The rate of apoptosis was intermediate between the GLUT3 Ϫ/Ϫ and wild-type embryos. In addition, GLUT1 localization was also abnormal in both the GLUT3 Ϫ/Ϫ and GLUT3 Ϫ/ϩ blastocysts. GLUT1 was detected on both apical and basolateral surfaces of the trophectoderm in the heterozygote, whereas in the GLUT3 Ϫ/Ϫ blastocyst GLUT1 resided in punctate cytoplasmic vesicles. This distribution pattern is identical to that seen in precompaction blastomeres prior to the establishment of polarity and the differentiation into trophectodermal epithelium (100). GLUT1 localization in the wild-type blastocyst was in the expected basolateral plasma membrane. Those authors concluded that some degree of GLUT3 expression was required to trigger polarization and successful establishment of a healthy blastocyst (42) . The authors went further to postulate that GLUT1 and GLUT3 might need to be expressed differentially in timing and location to permit adequate glucose uptake and development.
The GLUT3 Ϫ/Ϫ mouse model was similar to the diabetic model in another aspect. The blastocysts exposed to diabetic conditions by downregulation of GLUT3 displayed increased fetal resorptions and significant growth retardation (133) . Similarly, the GLUT3 Ϫ/Ϫ embryos implanted but failed to progress past embryonic day 6.5 (42) (Fig. 5) . The GLUT3 Ϫ/ϩ fetuses demonstrated an intermediate expression of GLUT3 at both blastocyst stage and postimplantation and survived but were growth retarded with a 20% peak decline in body weight compared with controls. It is unclear whether these growth effects are due to decreased expression of placental or fetal GLUT3; however, due to the lack of significant growth retardation in the GLUT1-null mouse (130) , the conclusion appears to be that GLUT3's critical function is the trophectoderm/ placenta, which indirectly affects fetal growth, whereas GLUT1 functions to provide glucose for embryonic organogenesis (Fig. 6) . Transplacental uptake studies in Devaskar's group demonstrated that, in the murine hemiochorial placenta, GLUT3 deficiency led to a decrease in transplacental glucose transport and fetal uptake that was more than a slight decrease in intraplacental glucose uptake (42) .
Several studies using different technologies have shown that GLUT3 is expressed at high levels in the extra-embryonic membranes (amnion, chorion, and yolk sac) and goes on to be expressed in the rapidly dividing, poorly differentiated placental extravillous trophoblast and villous cytotrophoblast subpopulations (49, 110) . This finding is consistent in both human and mouse early placental development, despite the fact that placental structures differ significantly between the species. Human placenta is hemomonochorial and villous in structure, whereas mouse placenta is hemotrichorial and labyrinthine in structure. GLUT3 protein has been detected in first trimester mouse and human trophoblast cells as well as in choriocarcinoma cell lines (52, 97) , suggesting that GLUT3 protein may be most critical early in postimplantation gestation, when a high-affinity glucose transporter like GLUT3 would allow constant uptake of this energy substrate under conditions of decreased substrate concentration. These trophoblast cells invade and erode the uterine epithelium upon implantation and eventually reach the maternal blood supply where they bathe in these islands. Expression of GLUT3 on the extra-embryonic membrane surfaces would permit maternally produced glucose to travel to the rapidly growing and energetically demanding embryo.
Human term placenta expresses no GLUT3 protein despite the fact that GLUT3 mRNA is localized to the same placental membranes as GLUT1 mRNA in both syncytiotrophoblasts and cytotrophoblasts throughout gestation. This developmental differential expression of GLUT3 protein and constant expression of GLUT3 mRNA at term suggests some form of active regulation that suppresses expression of the protein. Studies have demonstrated that this level of mRNA in term human trophoblast is regulated by hypoxia, suggesting that a constitutive block in translation of the mRNA does exist (33) .
The postimplantation embryonic expression of GLUT3 is transient. Although expressed in the 8.5-dpc nonneuronal surface ectoderm of the embryo proper, GLUT3 is downregulated significantly by dpc 10.5 (110) and is no longer detectable by dpc 8.5 in fetal brain (64) . The consensus of all these studies is WT demonstrates apical distribution (arrow); heterozygous embryo demonstrates punctuate distribution of GLUT3 on apical and basolateral surfaces of the trophectoderm (arrowhead); homozygous embryos demonstrate no GLUT3. TUNEL staining progressively increases from WT to homozygous embryos.
that blastocyst expression of GLUT3 is confined to trophectoderm and that postimplantation expression is predominantly extra-embryonic, supporting GLUT3 as a critical mediator of transplacental glucose transporter necessary for fueling fetal growth.
Finally, in a recent study, Kaye's group [Pantaleon et al. (101)] has suggested an interesting role for glucose in the metabolic differentiation of the murine blastocyst and in the induced expression of GLUT3. It has been known for over a decade that, although murine precompaction stage embryos are unable to metabolize glucose, they require a brief exposure to glucose prior to the morul stage (24) . Without this glucose exposure, the embryos undergo increased apoptosis, decreased proliferation, and reduced glucose transport, and their progression to a blastocyst stage is impaired. This phenotype is similar to the GLUT3-null blastocyst; thus, this group hypothesized that perhaps GLUT3 expression was blocked. They confirmed this and went on to demonstrate that a pulse of glucose (27 mM for 1-3 h prior to 67 h post-hCG) is necessary to activate transcriptional and translational expression of GLUT3. In addition, glucosamine at the same concentration and timing is also sufficient to prime the embryo, suggesting that the hexosamine pathway may be involved. They concluded by postulating that the downstream component of this pathway, UDP-Glc-NAC (uridine diphosphate N-acetylglucosamine), may be the effector which triggers metabolic differentiation via O-linked glycosylation of the transcription factors regulating GLUT3 and possibly other key players in this process.
GLUT3 in Human White Blood Cells
The first observation of GLUT3 in white cells occurred when its localization in human brain was being studied (82) . In addition to the expected pronounced neuronal localization, GLUT3 displayed both a vascular and an intravascular expression, and the latter was not associated with erythrocytes. GLUT3 has subsequently been shown to be present in human lymphocytes, monocytes/macrophages, neutrophils, and platelets. What is particularly significant about the presence of GLUT3 in white cells is that it is present in an intracellular pool and may be recruited to the plasma membrane upon activation in a manner entirely analogous to that of GLUT4 translocation in muscle and adipose tissue. Indeed, in Blymphocytes and monocytes, insulin is able induce a translocation of GLUT3 but is without effect on neutrophils or T-lymphocytes (27, 34, 38, 83) . It should be noted that an earlier study by Bilan et al. (16) demonstrated the translocation of GLUT3 in response to insulin and IGF-I in the fetal L6 rat muscle cell line.
Activation of the white cells with either PMA or the appropriate activator, e.g., lipopolysaccharide (LPS) and formylmethionyl-leucyl-phenylalanine (fMLP) for neutrophils and monocytes/macrophages, phytohemagglutinin (PHA) for lymphocytes, and thrombin for platelets also results in the recruitment of GLUT3 to the plasma membrane (26, 35, 38, 50, 53, 83, 112) . Figure 7 depicts the activation of neutrophils and platelets and the recruitment of GLUT3 to the respective plasma membranes. This figure also illustrates the subcellular localization of GLUT3 in quiescent neutrophils and platelets (Fig. 7, A and B) and their subsequent activation by PMA (Fig.  7, C and D) and, in the case of neutrophils, by bacteria (Fig. 7,  E-H) . In the case of the platelets, GLUT3 is clearly recruited to the membrane from an intracellular location, namely the ␣-granules (50) . A similar recruitment is seen in the neutrophils when activated with PMA. However, when activated with Fig. 5 . Embryos at 6.5 days in longitudinal sections (E) in situ within maternal deciduas and uterine cavity demonstrate the presence (ϩ/ϩ) (a) consistent with a WT phenotype or absence (b) consistent with a GLUT3-null homozygous phenotype of GLUT3 immunoreaction (arrows) on the embryonic visceral endoderm (EmVe), seen under higher magnification (*) in inset. Fig. 6 . Blastocysts at 6.5 days, fixed in paraformaldehyde and permeabilized with Tween, were incubated with a primary rabbit anti-mouse GLUT3 antibody (A) or a primary murine anti-rat GLUT1 antibody for 1 h at room temperature (B) both at 20 g/ml. GLUT3 is predominantly located in the apical trophectoderm plasma membrane (arrow), whereas GLUT1 is localized to the basolateral surfaces of both the trophectoderm and inner cell mass cells (arrowheads).
bacteria, not only is GLUT3 recruited to the cell surface and spike-like projections of the plasma membrane (Fig. 7F ), but it also appears highly concentrated intracellularly in phase-dense (phagasome-like) structures (Fig. 7H) . In some of these structures, the intensity of the fluorescence is higher or at least comparable to that observed over platelets (Fig. 7H) . Very little is known of the nature of the intracellular membranes containing the GLUT3 or the signal transduction mechanism(s) pro- moting recruitment in each of these cells. In the case of platelets, EM studies of Heijnen et al. (50) demonstrated that GLUT3-containing vesicles are the ␣-granules that contain the adhesion factor P-selectin, and various growth factors including platelet-derived growth factor (PDGF), IGF-I, and transforming growth factor (TGF)-␤. Analogous to the action of insulin in adipose cells, thrombin appears to mediate the recruitment of the ␣ granules through a mechanism that clearly involves PI-3 kinase phosphorylation of Akt (35) (69). However, the mechanism appears to be augmented by a Ca 2ϩ -PKC phosphorylation of Akt. This can be mimicked by actions of PMA, which is able to stimulate transport activity in lymphocytes and monocytes, as well as neutrophils and platelets, illustrated in Fig. 7 (38, 79, 83, 112) . The ␣-granules would also appear to share the same SNARE molecules as GLUT4-containing vesicles (22, 36) .
In each of the cell types the translocation of GLUT3 is in response to a substantial increase in energy need associated with cell activation. In the case of platelets, the action of thrombin induces a cascade of energy-dependent events: actin polymerization, changes in platelet shape, aggregation and secretion of ␣-and dense vesicles, and ultimately aggregation and clot formation. These processes rapidly triple the expenditure of ATP, which, due to the relative paucity of mitochondria, must be replenished by glycolysis. In addition, the absence of blood flow and thus low prevailing glucose clearly favors the kinetic characteristics of GLUT3 to mediate glucose uptake (2, 3) . Neutrophils upon activation, and monocytes upon transformation to macrophages, also undergo dramatic shape and size changes to facilitate phagocytosis of bacteria and senescent cells. The elimination of the bacteria involves the phagocytosis of the organism, the generation of prodigious numbers of superoxide molecules to kill the organism, and an array of lysosomal hydrolases to digest the phagocytosed body. Upon activation, lymphocytes also undergo dramatic changes in size, shape, and protein content. In the case of B-cells, they become enlarged immunoglobulin-synthesizing factories, whereas T-cells undergo conformational changes to accommodate antigen presentation and polarized release of cytokines or perforins. Both cell types also undergo extremely rapid proliferation (18, 61, 124) .
GLUT3: What Is in the Future
We have clearly moved beyond thinking of GLUT3 as solely a neuronal glucose transporter to appreciate that it is expressed in a variety of cell types with very specific, and high, energy needs. We know that in the neuron, which is not a rapidly turning-over cell, both acute and chronic changes in energy demand and glucose utilization result in changes in GLUT3 expression. In cells with short half-lives, such as circulating human white cells, changes in energy demand seem to be met by translocation of GLUT3 rather than changes in expression/ concentration. Although the signal transduction and translocation mechanism(s) appear similar to those employed by GLUT4, they are clearly distinct and warrant further investigation. In the case of neurons and sperm, where pronounced intracellular pools of GLUT3 are not apparent such that translocation is unlikely, the question arises as to whether there are other mechanisms of GLUT3 activation to account for the rapid changes in transport activity occurring during seizures (neuron) and capacitation (sperm), such as movement in and out of lipid rafts as seen for GLUT1 (13, 105) . In the mouse blastocyst, the level of GLUT3 expression appears to direct proper trafficking of GLUT1 to the plasma membrane (42) , implying a role for GLUT3 in the trafficking of other GLUTs in the same cell.
There is still much to be learned about the regulation of this vital transporter isoform. For example, it remains to be determined which factors actually regulate expression in response to metabolic demand in the neurons at both the transcriptional and translational levels. We know that GLUT3 responds to hypoxia through Hif in a variety of cells, including neurons, carcinomas and monocytes, but what other factors regulate expression in response to metabolic demand remain to be determined (11, 14, 87, 129) . Studies have also demonstrated that transcriptional regulation of GLUT3 in neurons depends on both the stage of differentiation and the function of the cell. This work suggests that nuclear factors Sp1/Sp3 may mediate the transcriptional activation of GLUT3 along with MSY-1 during neurodevelopment; whereas phosphorylated cAMP regulatory element-binding (pCREB) protein may regulate transactivation of GLUT3 expression during neurotransmission under conditions of substrate deficiency (104) . Furthermore, posttranscriptional regulation of GLUT3 protein expression occurs in term placenta, suggesting a tight regulation of expression dependent on environmental conditions in the developing placenta (33) . In the preimplantation embryo, a pulse of glucose or glucosamine for 1-2 h prior to compaction is necessary to induce expression of GLUT3 and thus to progress through normal development (101) .
Furthermore, there are in vivo situations in which acute activation is associated with an increase in mRNA expression, which may or may not be translated into protein (95) . The physiological value of this response of GLUT3, as well as potential regulators of both transcription and translation (65) , are targets for future research. 
